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FOREWORD 


This report was prepared by Hughes Aircraft Company, Culver City, 
California, under Contract Humber AF 33(615)~2460, a continuation of work 
performed under Contract AF 33(615)-1235. The contract was initiated under 
Project No. 7381, "Materials Application," Task Ho. 738103, "Materials 
Information Development, Collection and Processing." The work was admin¬ 
istered under the direction of the Air Force Materials Laboratory, Research 
and Technology Division, Air Force Systems Command, Wright-Patteruon Air 
Force Base, Ohio, with Mr. R. F. Klinger, Project Engineer. 

The EPIC Information Analysis Center is a center for the collection, re- 
view and analysis of the scientific and technical literature on the electrical 
and electronic properties of materials. Its major function is to evaluate, 
compile and publish the experimental data from that literature. Through the 
medium of a series of publications such as Data Sheets, Special Reports, State- 
of-the-Art Reports, Computer Bibliographies, and services including special 
studies, answers to technical inquiries, research support is provided to the 
DoD community. EPIC input is primarily from the open literature. A large 
number of abstract journals, in addition to about 40 other journals, and the 
unclassified report literature are completely searched. 

The initial step in the preparation of this data sheet was the retrieval, 
by means of a modified coordinate index, of all cadmium oxide literature in 
the EPIC file. Bibliographies were also reviewed to ensure the inclusion of 
all relevant literature. Those papers containing primary source data were 

‘i 

selected unless only secondary references were available. 

If equally valid data are available from several sources, all are given. 
Data are rejected when considered questionable because of faulty or dubious 
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measurements, unknown sample composition, or if more reliable and inclusive data 
ore available from another source. Selection of data la baaed upon evaluation 
of that which is most representative, precise, reliable and inclusive over a 

n 

wide range of parameters. The addition of new data to a material compilation 
requires a reappraisal of the reported values. Older data may be deleted in 
light of the new data. 

Within every property ejection we have tried to include every available 
parameter and range of experimental condition in the literature. Information 
on test conditions and sample specification are extracted from the article. 

Some alight alterations in units and presentation may be made to facilitate 
comparison with other experimental data. 

This report consists of the compiled data sheets on cadmium oxide. A full 
list of EPIC publications to date appears at the and of the report. 

The author wishes to acknowledge the assistance afforded by Dr. J. J. 
Grossman in reviewing the experimental data, and the contribution of Mr. C. 
Schafer in the pre-publication review of the compilation. The supporting 
assistance of other members of the EPIC staff, in particular, Mr*. Jean forest, 
Mr. Thomas Lyndon, and Mr. W. S. Hodge, is gratefully acknowledged; 




AESTRACT 


These data sheets present a compilation of a wide range of electronic 
properties f<?r cadmium oxide. Electrical properties include conductivity, 
dielectric constant. Hall coefficient, and mobility. Emiaaion data have 
been broken down into the varied electron and photon emiaaiona which result 
from application of electromagnetic energy over a wide spectrum. Energy data 
include energy bands, energy gap, and energy levels, as well as effective 
mass tables, and work function. The optical properties include absorption, 
reflection, and refractive index. Magnetic data are presented, as well as 
oevjral other physical phenomena, such as Debye temperature. Thermoelectric 
and thermomagnetic properties are shown. Each property is compiled over the 
widest possible range of parameters including bulk and film form, from ref¬ 
erences obtained in a thorough literature search. 

A summary of crystal structure and phase transitions has been included. 

This report has been reviewed and is approved for publication. 
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INTRODUCTION 

Cadmium oxide crystallines in only one codification; the -face-centered opbio' 
{halite type), The Crystals vary irt .color from jblack; brown or green to orange-yellow 
and yellow; depending on the amount of free cadmium presen£, iPbwders vary in oolbr 

( / i' 

due to the particle size. The crystal growth plane is generally (110)> The habit 
is cruciform, dendritic or arborescent* in addition to the .acicplar crystals which 
form in an ar-c-furnace,- 

'® ie lattice parameters have been measured numerous times, bulk values range from 

. - . .O O -- v - 

3p = 4.6991 A to 4,690 A for very pure material, for cadmium oxide "smoke", a value- 
of 4.708 % is given and for films two values; 4.69 ? .and 4,71 A.? 

Donnay 2 gives two values for -crystalline material;, density is 8,15 g/cm 3 at _20°.&. 

a Q - 4>j6943 * 0,0003 % _ 

a Q = 4.708 * 6,002 A . 

Cadmium oxide decomposes, in vacuum at .350°C and a metallic cadmium mirror appears. 
In air, sublimation begips at 900°C. The sublimation point,, according f 9 -the latest 
available determination is 1564°C, 3 although lower values have been given,■*' The 
HANDBOOK OF CHEMISTRY AND PHYSICS 4 states that the sublimation point is above 1426°C, 
oxide and pa.dnium form, solid-ablutions in .all proportions*. -The tdissocia*- 
tion constant of the ^cadmium oxide decreases .strongly with increasing .cadmium contents 
The saturated solution of cadmium*in the oxide is almost non-dissociative. ,0n; the 
formation of the solid solution Jby heating in a- vacuum; the lattice .constant ,of the 
.cubic oxide changes linearly with the excess cadmium. With the increase in a Q , the 
colour deepens until ft becomes black. On heating, the .interstitial cadmium sublimes. 
The presence of ah excess of free electrons ip the lattice of; the .solid solution is 
responsible for the n-type semiconductivity of cadmium .oxide as well as its catalytic 
activity. 1 

The thermal conductivity decreases markedly with increase of oxygen pressure, 
indicating increases of interstitial pxygen in- the cadmium oxide.* 
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the 1930\s .and lS40’.s when the iise ojF ^p^di^ihc psd.de films, for d^lclpg^purjPses was 
in the forefront. These films have ; a high resistivity with optical transmissich 
in the visible green range of the spectrum. .Other -uses for the jMteflals-Jhtlude 
storage batteries, ,as a catalyst with nickel oxide,. as .a toxic dust for pesticides 
and with phosphors in the preparation of eleptrol^ipascent sdeyiiCesu in this -tatter- / : 
case, the cadmium oxide is enployed as the oohductii^ .eiec^ptie or it is ;U§edj to. 
prepare :a conducting transparent glass4 . 
films of cadmium oxide are- isotrcpic and have been grgwn 
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surfaces^ These films are 
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very recent communication, 
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cm. (Ref.. 24170) Adsorbed gases have a strong effect on both fi'ms ani hulksuifacegt, 
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with respect to electrical conductivity and the change in the absorption. .edge* -Cadmium . j 




oxide is known to give very Strong .surface activity as is evidenced iby its pse as a , , 

catalyst. (Ref.. 11868) . . » 

According to .Gmelin, cadmium-oxide does not display any .cathodolimiinfiscenpe or 

- ■ . - ^ S - ‘ “ - JY’ ’ 

- ' - - \ *pr - ~ 

fluorescence ]but does show photoconductivity.. 7 The photqefftet is just^extinguished. » >• \ 
at an incident illumination of ...3,5 micron^ a little below the -.visible;..-* 

- o 

v i * 

A :method for growing .single crystals by a vapbr .deposition technique is putlined 
in a paper by. fahfig. 8 The crystals .are grown at 1125 ip il40°.C and .exhibit .well- 
formed .edges and faces in jtJ a (10.0') plane. 'They- ar.e black with a lattice constant of 

;> 

4.6954; X. Vary low amounts of magnesium, silver .and calcium impurities are present* 

^Cadmium oxide is not superconductive.. (Ref. 13648;) 

Cadmium oxide films, when .doped with copper and indium firm a highly photoypltaip^ ?; 
junction with selenium; Undoped films yield open circuit voltages, .up to vD*7 V in „ * . 
sunlight. Copper doping reduces the open circuit potential and indium doping: increases 
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at* (CRef.. 2PS05!) Every film deposited v at low temperatures is -unstable. it -nsast'-be'^ 
stabilized by annealing. USme* temperature of preparation* stoichiometry.. etci* must - * i-\ 

be determined experimentally^ and tHs information; is thoroughly lowered in the -data 

•• : "> c- 

oresented -here, - 


- y o 


in the thermoelectric ’properties section,,, electric conductivity and thermal ’* 

conductivity graphs* inhere available for the same samples)). are [presented with' 
thermal emf -.data in '.order to facilitate .calculation of figure Of merit values* . - s = 

* J 5 *.* A c 

- ^ “ 3 > 

.Cross-referencing .of .germane information is also .provided!. . . . ' ? 

* •> ^ V "V 

. ■Within the individual properties* arrangement has generaliy been to-show, the 3 

jure sample data followed by the effects of dopants ((in alphabetical order)).. Pop&n^ 

. ' . ' ' ^ ^ v - v ^ 'O 

per .se* however* is often hot a .qualifying factor* and.jgrafihs may be arranged or 

0 ; : * _ 

.grouped .according to ..experimental parameters,. 

‘ > + , 

In (presenting tabular lata* values are variously arranged. Ir. sOae oases, it 
is .by dor ant* in others by magnitude of numerical value.. (Oh occasion.^ 'however* the 
values from one reference may be grouped for comparison,. ' 'i 1 > 

The references* from which the data are drawn* are shown by accession number 
below .each graph } with the full bibliographic .citation tabulated at the -end of the J/ 
data sheets,. ’The bibliography is listed by accession number r 

, i 

The electrical conductivity of polycrystaHine cadmium .oxide* thoroughly an¬ 
nealed* has. been measured at 7 to \9 .Sc* (The thermal energy, ga p b etween :20°C shid v : 

~7 

;80°.C at these fields agree with those measured in d*.c.. fields ..- 9 

According to .a recent .article' in the IUKRAINSK3M fiZiCHMil IZHURMAL^®,,cadmium oxide - 
film has been studied as a transparent contact for cadmium -.sulfide type photoconduc- 
tors* both single crystals and films* (V.oit-.ainpere and noise characteristics of these 

/ ’ v Si w 

cadmium oxide films indicate +hat it is .a good* .stable and transparent* ohmic contact 
■and is particularly effective for longitudinal photoelectric effects,. 'The cadmium 
oxide film has a resistivity of about 3 x 3i0 “ 3 to (6 x- W 3 dhir>-,cnu This resistivity 
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is. iesperature independent fro® 173°K to 353°X. The advantageous'contact character¬ 
istics say be attributed to the foraation. of a cad&iuss-enriched thin fil» pn the 
cadaius sulfj.ee surface,. ' • _ - 

: ' : ' ; .. ' \ • c ' . - 'rp 

DDC arid KA3A tapes have been run to assure collate coverage for this nateijsLal. 



Very little inforeation is apparently available in the report literature for cadeiiat" 
oxide. . - . / 


1 GHEL1KS HAND3UCH DER AKORSASISCHEK CHEJilE; 8th Ed. Cadsitna. Veinheiz, Yerlag - 

Chesde, GmbH, 1959. p. 418-430. ' - r - -■ 

2 DONNA Y, J.D.H. CRYSTAL DATA. DETERMINATIVE TABLES. 2nd Ed. kmef lean Crystallo¬ 
graphy Assoc . t 19S3. 

" ' . ' . '? : -- * - a 

3 LEHARCHANDS, M. and H. JACOB. Chemical Inertia. SOC. CK1H- DE FRANCE. BOLL., 

v. 5, no. 2, 1935. p, 479-437. ~ - 

4 HANDBOOK OF CHEMISTRY AND PHYSICS. 46th Ed. Cleveland, Chenical Rubber Publishing 

Co., 1965-1966. s T ' 1 

5 SIDDALL, G. The PreDaration of Electroluainescent Panels. VACUUM, v. -7 and : . 8, 

1957-1958. p. 61-Vr. . • : . - ? ' " 

6 LUCAS, L.N-D. Oriented Cheaical Growth on Single Crystals of Zinc and Cadaius. 

ROYAL SOC. OF LONDON, P20C., v. 215A, no. 1121, Nov. 25, 195?. p. 162-174., => c 

7 GUDDEN, B. and R. FOHL. Licatelektrische Leitung uhd chemiscfcfr Findung. ' Z. FUER 

PHYS., v; 16, 1923. p. 42-45.' s - ‘ ; 

- ' '' 

8 FAHRIGi RVH. Growth of Caamiura Oxice Crystals. J. OF APPLIED PHYS.,. v. 34* uoJ 

Jan. 1963. p. 234-235. : . ; : 

9 BALTRUSAITIS ana P. BRAZDZIUNAS. Electrical Conductivity of Cadmium Oxide in 
High-frequency Electric Fields. LIETUV0S, FIZ. RINKINYS, LIETUEVOS TSR MOSKLU ..]• *, 

AKAD*.., LIETUVOS TSR AUKSTOSIOS HOKYKLOS, vt 4, no. 4, 1964. p. 337-541. • v ' v .. 

■> 

10 SVECHNIKOV, S.V., et al. Ohmic, Transparent Contact for 2-6 type Photoconductors. * 
UKR. FIZ. ZH., v. 11, no. 1, 1966. p. 40-44. ' ‘ " 
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Absorption coefficient as a function of jgbdfedo 
energy for £ -cad oioa cxida fil*, about 0.1 afieroc- 
thick, conductivity 1.2 (ciaiec*) -1 . Fine struck '■ 
ture cue to electKacr-paotcsi interactions indicated 
by peaks correspctdisg to ionization levels..- %. 


•—r experimental 
... calculated 


Io niz ation Levels. 


Electron transition Energy CeY) 


5s-Sp? 
5s—6s 
5 s—5p* 
5s—CS 


0.172 

0.295 

0.248 

0.410 


CFef. 44533 


Photon energy (eV> 


Log transmission as a function of wavelength 
in cadni’ina oxide files of various conductivities. 


Photon energy (eV) 


Fila no., Conductivity, (ohm-cm) 


-1 


1 

2 

3 

4 

5 


0.8 

35 

102 

155 

255 


-free carrier component 


The doped films are poor conductors; purifying 
increases conductivity. The absorption peaks 
shcrtri are the maximum occupied levels. 



[Ref. 44533 
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CADMIUM OXIDE - / 

ABSORPTION 


Photon energy (eV) 




Absorption coefficient as a function of wavelength for cathode sputtered cadmium 
oxide films. Films in a, b and c are variously prepared on a quartz substrate 
and variously annealed. Variations in atmosphere and current density during de¬ 
position develop films of different electrical conductivity as indicated by the 
curves. 

Films in d are from measurements in [44533 for films deposited on NaCl substrates. 

- Calculated from transmission/incident intensity without correction for 

reflectivity (a 'v 1/d log I 0 /I D ). 

D = transmission 
d = film thickness 
Id = transmission intensity 
I Q * incident intensity 

- Absorption coefficient calculated from transmission measurements by use of 

equation for interference for absorbing films. 


[Ref. 22103] 
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Photon energy (eV) 



4 6 


10 12 14 


Wavelength (y) 


Transmission as a function of wavelength 
for a cadmium oxide, n-type film 34 microns 
thick. Preparation is by cathode sputtering 
in a nitrogen-oxygen atmosphere. The sub¬ 
strate is single crystal sodium chloride. 
Measurements are made at 300°K. The re¬ 
sulting carrier concentrations after 
annealing the polycrystalline films are 
given below: 


Annealing 
Temperature 
Curve __ 

+ not annealed 

e 160 

o 300 


(10 19 cm- 3 ) 


[Ref. 7151] 


Absorption coefficient as a function 
of wavelength for the same highly 
degenerate samples as in the above 
graph. Symbols for curves correspond 
to those listed above. 


Photon energy (eV) 
.31 .16 JO 



Wavelength (y) 
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[Ref. 7151] 
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Wavelength (v) 

3.1 4.1 .62 



Photon energy (eV) 


Absorption coefficient as a function of 
photon energy for several n-type, cathode 
sputtered cadmium oxide films, between 
0.1 and 0.2 microns thick. Measurements 
are made at 300°K. The films are de¬ 
posited on a quartz glass substrate and 
the absorption values are corrected 
accordingly. Carrier concentrations are 
given for films after annealing. 


Symbol 

n n (10 19 « 

• 

1.3 

o 

5.7 

+ 

9.0 

X 

15.5 

A 

18.1 


[Ref. 20339] 


Absorption coefficient at 300°K as a 
function of photon energy for cathode 
sputtered cadmium oxide films pre¬ 
pared in a nitrogen-oxygen atmosphere, 
film thickness 0.12-0.16 microns. 
Electron concentrations in 10 19 cm" 
are indicated as a parameter of the 
curves. The intrinsic curve is 
marked K Q , with = 5 x 10 16 cm" 9 . 

n is the variable ratio K/Kq. By 
calculating n for a definite range 
and applying the theoretical curve, 
jiKq to the family of absorption 
curves for various carrier con¬ 
centration values, the theoretical 
curve cuts the experimental curves 
at a point which indicates the 
energy gap. As carrier concentra¬ 
tion increases, so does the energy 
gap- 



Wavelength (y) 



Photon energy (eV) 
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[Ref. 22102] 
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Photon energy (eV) 



.40 .45 .50 .55 .60 .65 .70 .75 

Wavelength (y) 


Transmission as a function of wavelength for sputtered cadmium 
oxide films, all n-type, undoped and doped with copper or indium. 
Sputtering was done in a 10% oxygen-90% argon atmosphere on optical 
glass substrates. Film thickness was constant at about 0.28 microns. 
The undoped film demonstrates a rather diffuse absorption at about 
2.5 eV, the reported energy gap. The copper-doped sample shows weak 
absorption at about 2.1 eV, possibly due to copper, the indium doped 
sample has a peak as high as the pure sample but at a lower eV. 


[Ref. 20405] 
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Photon energy (eV) 


Wavelength (y) 


.30 .40 .50 .80 



Absorption coefficient at 300°K as a function of photon energy for cadmium . 
oxide films. The films are prepared by cathode sputtering in nitrogen-oxygen 
atmosphere. 


a) I Not annealed 

II Heated 1 hour in air at 200°C 
III Heated at 500°C in air 

Sample conductivity 
_10 3 (ohm cm)" 1 


Oj 1.52 

Ojj 1.35 


b) Same curves plotted to 
emphasize break in the 
non-annealed film at 
M..8 eV. 


[Ref. 11868] 
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Wavelength (y) 



Wavelength (y) 



Absorption coefficient as a function of photon energy for a cadmium oxide 
film prepared at two temperatures. The film was prepared by cathode 
sputtering in a nitrogen-oxygen atmosphere, and was then annealed in air 

at- 500°C. 

Evidently the shift in the absorption coefficient on annealing, leads to 
a constant value; there is minimum shift during further temperature changes. 


[Ref. 11868 ] 
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Dependence of resistivity and transmission of cadmiup oxide films on the 
oxygen content of the discharge gas. 


Sputtering 

Time 

Mins. 

% 

Oxygen 
in Argon 

Optical Transmission 
at X * 5460 A 
Baking 

Before After 

Resistivity 
k 0 per sq. 
Baking 

Before After 

Thicknei 

V 



% 

% 




5 / 

100 

77 

79 

18.3 

1.96 

tm 

10 

100 

57 

60 

9.5 

0.545 

m 

15 

100 

47 

52 

5.0 

0.315 

- 

20 

100 

47 

52 

4.3 

0.288 

.0426 

5 

75 

73 

70 

9.0 

1.490 


10 

75 

56 

60 

6.3 

0.440 

- 

15 

75 

48 

53 

4.1 

0.297 

- 

20 

75 

44 

50 

2.3 

0.238 

.0509 

5 

50 

78 

78 

7.9 

1.690 


10 

50 

56 

58 

5.0 

0.427 

- 

15 

50 

50 

54 

4.8 

0.290 

- 

20 

50 

44 

48 

2.3 

0.180 

.0543 

5 

25 

70 

73 

9.0 

1.150 

m 

10.— 

25 

56 

58 

1.9 

0.436 

- 

15 

25 

44 

48 

1.8 

0.182 

• 

20 

25 

44 

49 

1.2 

0.134 

.0570 

10 

10 

54 

53 

0.5 

0.260 


20 

10 

50 

52 

0.21 

0.126 

.0509 

10 

5 

64 

66 

1.2 

0.520 

. — 

20 

5 

60 

59 

0.103 

0.110 

.0644 

Note: The above films were 
cathode at a distance 

sputtered at 
of 10 cm. 

3 kV and 0. 

3 mA/cm from a 

45 cm 

diameter 


[Ref. 15410] 
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CADMIUM OXIDE 
DEBYE TEMPERATURE 


Value 

9, °K 

Electrical 
Resistivity 
(10" 3 ohm cm) 

Sample 

Carrier Concentration 
nn (10 20 car 3 ) 

Temp. °K Ref. 

560 

1.8 

sintered powder 

10 

20-25 3070 

450 

2.3 

II 

8 

1-250 

600 

2Q 

II 

23 

100-250 

000- 

1.3 

highly tompreeaed 

7 

100-700 


1000 snd alnt«r«d powder 
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CADMIUM 

OXIDE 





DIELECTRIC CONSTANT 





Symbol 

Value 

8«mple 

Test Method 

ISSL. 

Kef. 


5.6 

CdO cathode sputtered 

films, annealed 

n n e 1.4 to 9xl0 19 cm“ 3 

optical 

absorption 

measured 

300°K 

22103* 


0.2 

powder 

oil immersion 

X ■ .$708 w 

300°K 

Ksanda* 


e„ io the optical dielectric conatant and is calculated from the rafractive index. 

*K3ANDA, C.J. Comparison Standards for the Powder Spectrum Method - Hickel Oxide and 
Cadmium Oxide. AMERICAN J. OF SCI,, v. 22, 1931. p. 131-138. 

i page 525 
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CADMIUM OXIDE 
DIELECTRIC CONSTANT 

Three curves showing the optical dielectric 
constant, as a function of the square of 
the wavelength. The 34 microns thick film 
is prepared by cathode sputtering in a 
nitrogen-oxygen atmosphere. 

Carrier Concentration 

Curve Annealing Temp. °C (10 19 cm -3 ) 


+ not annealed 1.6 
m 160 10.0 
o 300 7.0 



Photon energy (eV) 



[Ref. 7151] 



l 2 (u) 2 1 (u) eV 


10 3.2 .39 

20 4.5 .28 

30 5.5 .23 

40 6.3 .19 


Dielectric constant as a function of 
photon energy in sputtered cadmium 
oxide films, 0.2-1 micron thick. 

Carrier Concentration 
Sample n, (10 20 cm -3 ) 

j 12.1 

2 6.55 

3 1.32 


[Ref. 51833 
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CADMIUM OXIDE 
EFFECTIVE MASS (m*) 


Sample No. 55 

Hall coefficient (10 -9 cm 3 /coul) 2.4 

Thermoelectric power (yV/°K) .C90 

Effective mass m*/m 0 0.10 


Sample "No. 36_ 

Sintering time (hours) 0.5 

Sintering temperature (°K) 1200 

Hall coefficient (to 6 kOe) 14.5 

(10 -9 cm 3 /coul) 

Electron carrier concentration 4.3 

(IQ 18 cm -3 ) 

Temperature coefficient of 11.3 

resistance (10~ 5 ohm cm/deg.) 

Effective mass m*/n> 0 0.05 



56 

57 

50 


Tcttp • 

°K 


3.7 

16.5 

30. 

3 

300 


.103 

.174 

• 

214 

500 


0.11 

0.15 

0 . 

15 

300 





[Ref. 10904] 

21 

15 

T_ 

20 

35 



0.5 

0.5 

24.0 

0.5 

0.5 



1000 

930 

920 

1100 

1200 








Temp. 

°K 

17.0 

20.5 

3.6 

2.5 

5.6 

3C 

)0 

3.6 

3.1 

17.4 

25.0 

11.2 



18.0 

13.9 

3.7 

1.4 

4.3 



0.08 

0.05 

0.08 

0.06 

0.06 




, [Ref. 10904] 
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CADMIUM OXIDE 


EFFECTIVE MASS (m*) 



Carrier concentration 
(10 20 cm- 3 ) 


Electron effective mass as a function of carrier concentration in cathode 
sputtered cadmium oxide films 0.2 to 1 microns thick. Carrier concentration 
varies from 1 x 10 20 to 12 x 10 20 cm -3 , measurements made at 300°K. 


[Ref. 5183] 


Symbol 

Value 

Sample 

Test Measurement 

Temp. 

Ref. 

"n 

0.16 

0.14 

film, n * 1.25 x 10 20 cm" 3 

optical absorption, 

X = 1-2.5 microns 

113 6 
293 U K 

17670 

m n 

0.14 

cathode sputtered films, 
annealed at 500°C. 
n 2 5 to 50 x 10 20 cm" 3 

electrical conductivity. 
Hall and thermal emf 
measurements , also 
optical absorption 

20- 

750°C 

22103 
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CADMIUM OXIDE 


ELECTRICAL CONDUCTIVITY 


Electrical conductivity as a function of 
reciprocal temperature for cadmium oxide 
films. Curves are non-reversible. 

I Cathode sputtered in oxygen, 
annealed in air. 

II Q Cathode sputtered in air, 
annealed in vacuum. 

lib Annealed in air. 

Ill Cathode sputtered in nitrogen-low 
oxygen atmosphere. 


Temperature (°K) 
100 200 900 



1/Temperature (10 3 0 K _1 ) 
[Ref. 39263 


Temperature (°K) 

500 290 



Log electrical conductivity as a 
function of reciprocal temperature 
for cadmium oxide powder samples 
compressed at 1000 kg/cn 2 and 
treated with oxygen. 


1/Temperature (10 3 0 K" i ) 
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f Ref. 12730] 
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CADMIUM OXIDE 
ELECTRICAL CONDUCTIVITY 


Electrical conductivity as a function 
of free electron concentration, expressed 
as n n lt//3 (10 27 cm“ 3 ). The temperature 
parameter of the curve is shown on the 
graph. The samples are sintered cadmium 
oxide pellets. Slope of conductivity 
against n 4//3 is linear in keeping with 
the Hcworth and Sondheimer theory. 



Electron carrier concentration 
(10 27 cm -3 ) 

[Ref. 20243] 



Electrical conductivity as a function 
of temperature for two pressed and 
sintered cadmium oxide strips. 


Carrier Concentration 
Specimen n(10 2 ° cm~ 3 ) 

I 7.5 

II 5.5 


[Ref. 2189] 
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CADMIUM.OXIDE 
ELECTRICAL RESISTIVITY 



Electrical resistivity as a function of temperature for two pressed sintered cadmium 
oxide strips. The solid lines are derived from values of P Q , A, and 0 chosen to give 
the best possible graphical agreement in the formula: P P Q t s T q 7$T) The 

expression for neighboring values of 0 are shown as broken lines. A is the temperature 
coefficient of conductivity and varies with the impurity concentration of each sample. 


Temp. 


Carrier Concentration 

Range (°K) 

Specimen 

n (10 20 cm~ 3 ) 

20-250 

1 

10 

1-250 

2 

8 


n (ohm cm) 6 (°K) A (ohm cm)-*/deg 

.0018 560 2,5 

.0023 450 2.0 


calculated 

Debye 

values 


[Ref. 3070] 
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CADMIUM OXIDE 
ELECTRICAL RESISTIVITY 



200 400 900 600 


Temperature (°K) 


Electrical resistivity as a 
function of temperature 
during sintering for pressed 
cadmium oxide pellets. 
Sintering is accomplished at 
1 atm. oxygen. From 340-380°K 
the sharp drop in resistivity 
is believed due to increased 
contact of the microcrystals. 


[Ref. 20243] 


Leg electrical resistivity as a function 
of log oxygen pressure for pressed and 
sintered cadmium oxide pellets. Data 
taken at temperatures indicated on the 

curves. 



0 12 3 4 


Log oxygen pressure (ron) 


21 


[Ref. 20243] 
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CADMIUM OXIDE 
ELECTRICAL RESISTIVITY 



Resistance of cadmium oxide films upon annealing and cooling. Cycle from 
100->400->-100 0 C over 75 minutes. Curves are given for films produced in 
different oxygen/argon mixtures. 

The films are cathode sputtered in an oxygen-argon atmosphere on glass 
substrates for 20 minutes; thickness is about 0.06 micron. 

Control of oxygen content at 5% yields consistently high-conductivity films 
on low temperature substrates. 


[Ref. 15410] 
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CADMIUM OXIDE 
ELECTRICAL RESISTIVITY 


Electrical resistivity as a function of 
temperature for two pressed sintered cadmium 
oxide strips. Carrier concentration is 

>10 20 cm”" 3 . 



[Ref. 2189] 


Temperature (°K) 
1000 500 333 



Temperature (°C) 1/Temperature (10 4 OR -1 ) 

Resistance as a function of reciprocal temperature for pressed powder cadmium 
oxide. The high temperature curve is linear with an activation energy of 0.40 eV. 


[Ref. 11654] 
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CADMIUM OXIDE 


ELECTRON SECONDARY EMISSION 


Energy distribution of the 
secondary electrons as a 
function of the discrete 
electron energy loss at 
250°C. The curves are 
obtained from data taken 
on a 0.5 mm thick cadmium 
oxide disc, resistivity 
at 300°K = 0.027 ohm cm. 

The primary electron energy 

V is shown on each curve. 

P 

V), is the collector voltage 
ij^ is the initial current 

i is the secondary current 

2 


VJ,*IOC» 


,V o «50v 


V 


i« to 


Discrete electron energy .loss V p - V R (V) 


[Ref. 23133] 


Electron secondary emission 
coefficient as a function of 
incident electron energy for 
same sample. 

o 20°C 
o 400°C 

Maximum value is 1.25 at 400 
volts and varies little with 
temperature. 


O 4h i 212 

<J) I.CIC 

w 0 



Incident electron energy V p (V) 


[Ref. 23133] 
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CADMIUM OXIDE 
ENERGY BANDS 


Change in Energy Gap with 


Symbol 

Temperature, eV/°K (10" 4 ) 

Sample 

Temp. °K 

Kef. 

dEg/dT 

-3.3 

Film, n = 8 x 10 16 

113-293 

17670 


-4 

* Cathode sputtered film 
deposited in nitrogen/low 
oxygen atmosphere 

200-400 

11068 


-6 

A Same film annealed at 
',00°C 

H 

11 


-2.6 to -5 

Single crystal 

n c 7 x 10 19 cm~ 3 

a = 1.3 x 10 3 (ohm-cm)" 1 

90-295 

20305 


ft Cco page 26.for aource absorption mea3urcmento. 
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CADMIUM OXIDE 
ENERGY BANDS 



Temperature (°K) 


Shift In the absorption edge with temperature 
for two cadmium oxide films. 

I. This film prepared In nitrogen with 
low oxygen. 

II. Same cathode-sputtered film after 
annealing at 500°C. The absorption 
edge is measured at that wavelength 
for which the absorption constant 
is 2 x loVcm. This wavelength 
varies with temperature but Js 
about .56 micron or 2.2 eV. (This 
io close to the energy gap of 2.35 eV t 
given in this reference.) 

[Ref. 11863] 


Square of the absorption coefficient as a 
function of photon energy for a cadmium 
oxide film at five temperatures between 
113 and 203°K. The carrier concentration 
io 8 x 10* 6 cm” 3 . 

Eg J la energy gap at 203°K 

Eg 2 io energy gap at 113°K 

K q 2 is the absorption edge at 0°K 
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[Ref, L7C70J 
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CADMIUM OXIDE 
ENERGY GAP (Eg) 


Value (cV ) 


Sample Specification 


Teat Method Temp. °K Ref. 


single crystal, reflectivity 295 20385 

a = 1.3 x 10 3 (fl cm)" 1 I 

n = 7 x 10 19 cm" 3 I 


2.35 


2 .41 


single crystal, annealed 
28 hrs. at 600°C 
c = 1.05 x 10 2 (n 
n = 1.3 x 10 18 cm 

If 


in oxygen 

cm) -1 

-3 


295 


98 


^2.3 


films cathode sputtered reflectivity 

0.1 - 0.2 micron thick 0.3-0.8 micron 

n = 10 19 - 1.8 x 10 20 ;m" 3 


20339 


2.35 cathode sputtered films 

in oxygen or nitrogen, 
annealed In oxygen 


reflectivity 300 11868 
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CADMIUM OXIDE 
ENERGY GAP 



Temperature (°C) 


Energy gap at 20°C as a function of one 
hour annealing at temperature indicated on 
abscissa for sputtered cadmium oxide films 
prepared in: 

o I. Nitrogen-low oxygen atm. 

o II. Pure oxygen atm. 

Curve I is annealed in air which causes the 
energy gap to shift from 2.81 to 2.36 eV. 
Curve II is annealed in air. This raises 
the absorption edge. 

Curve III (x) is the same film as in 
curve II, annealed in pure oxygen. 
Here, also, the absorption edge is 
raised. 

If the film in Curve III is then annealed 
for 1 hour in nitrogen, the energy gap is 
again considerably increased. 


[Ref. 11868] 


Absorption edge at 20°C as a function of 
electrical conductivity at 20°C for a 
cathode sputtered cadmium oxide film 
annealed in air between 400 and 600°C 
followed by annealing at 350°C in 
nitrogen, oxygen or a vacuum. All 
measurements fall on the same curve. 

-Annealing above 350°C causes an increase 
in conductivity and an energy gap 
increase. A decrease in conductivity 
is connected with a shift in energy 
gap toward higher wavelengths (i.e., 
lower energy gap). 



Electrical conductivity at 20°C 
<10 3 O' 1 cm' 1 ) 


[Ref. 11868] 
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CADMIUM OXIDE 
ENERGY GAP 



Position'of Fermi level (eV) 
below the conduction band 


Energy gap as a function of the Fermi level in cathode sputtered cadmium 
oxide films, prepared in a nitrogen - oxygen atmosphere. Film thickness 
0.12-0.16 micron. Electron carrier concentration a 10 16 to 2 x 10 20 cm" 3 . 
Absorption data taken at 0.3 - 0.8 micron. The curve shown is calculated 
for a limiting energy gap value of 2.2 eV. Fermi level values are calcu¬ 
lated from electron carrier concentration using mn* = 0.14 m Q . 

As the carrier concentration in the samples increases, the Fermi level 
shifts away from the conduction band with accompanying increase in energy 
gap. 


[Ref. 22102 
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V t 


CADMIUM OXIDE 
ENERGY LEVELS 


Symbol Value (eV) Sample Temp. Ref. 

Ep 0.6-KJ.3 Decrease in Fermi level as 800°C 20243 

cadmium content increases with 
temperature in a sintered powder 
n 10 18 cm" 3 . 

E d 0.4 cb Pressed powder, excess cadmium 11654 



Energy levels for a cadmium oxide film about 0.1 micron thick; 
indicated by optical absorption peaks. (See page 5 for graph 
of absorption coefficient showing four structure peaks corres¬ 
ponding to various ionization levels. 

[Ref. 4453] 
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CADMIUM OXIDE 
HALL COEFFICIENT 


a 

cj 


v 

c 

si 

•H 

o 

•H 

a» 

o 

o 


H 


«•» JHtffi fofrBl 


*o 

'"IJO 

0.8 


OXVUN 


WIST 


laun Al 


80 


too 



Temperature (°C) 


Hall coefficient as a function of 
oxygen pressure for n-type, 
compressed powder cadmium oxide; 
n ^ 3.4 x IQ 18 cm -3 . 


Hall coefficient as a function of 
temperature for cadmiua oxide at 
diffez*ent air and oxygen environ¬ 
ments. 


[Ref. 5248] 



[Ref. 5248] 
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CADMIUM OXIDE 
HALL COEFFICIENT 




Variation of the Hall coefficient with 
magnetic field for three cadmium oxide 
pellets at 300°K. The samples are 
pressed powder, sintered at 600-1200°K. 
Electron carrier concentrations are 
2 x 10 18 to 4 x 10 19 cm* 3 . 

In general, the Hall coefficient increases 
with decrease in electron carrier concen¬ 
tration, i.e., curve 1 would be for the 
sample with the lowest nn. 


Magnetic field (kOe) 


[Ref. 10904] 


Variation with temperature of the Hall 
coefficient for specimens of differing 
electron concentration. Experimental 
points are shown in close conformity to 
curves drawn from theoretical considerations 
assuming m* = 0.3 m Q and the characteristic 
temperature of the longitudinal optical 
phonons is 500°K. 

Compressed cadmium oxide powders, sintered at 
600-1200°K, n = 2 x 10 18 to 4 x 10 19 cm -3 . 

A indicates two curves for highest carrier 
concentrations. 



Temperature (°K) 


[Ref. 10904] 
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CADMIUM OXIDE 
LIFETIME (t) 


Lifetime, (10" 15 3ec) 

Sample Specifications 

Method 

Temp. °K 

Ref. 

4.5 

film, 

= 1.25 x 10 20 cm“ 3 

optical absorption 
at 0.35 to 0.6y 

113-293 

17670 

1.5 to 4.0 

cathode sputtered 
films, 

optical transmission 

X = 1 to 14p 

300 

7151 


rip s 10* 9 to 10 20 cm" 3 


Reciprocal average electron lifetime as a function 
of photon energy in cathode sputtered polycrystailine 
cadmium oxide films annealed at 450°C. Lattice 
defects are removed by annealing to 500°C; 
n n = 5 x 10 19 to 5 x 10 20 cm" 3 . Further sample 
characteristics are not given. The curves are 
linear and are calculated from refractive index 
and absorption measurements. The experimental 
points are data for several varied films. The 
wavelength region is narrow because at 1.5 micron 
intrinsic absorption sets in and at 2.5 micron 
the experiment becomes inoperable. 


Microns (p) 



0.4 0.S 04 

Photon energy (eV) 
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[Ref. 22103] 










-0.2320 


highly purified powder 
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CADMIUM OXIDE 

MAGNETOELECTRIC PROPERTIES 


Magnetic field (kOe) 



Magnetic field (10 7 0e 2 ) 

Magneto-resistance as a function of magnetic field for sintered polycrystalline 
cadmium oxide at 300°K. Each point indicates mean of 20 observations in samples 
with n = 10 1 ® to 10cm - ®. 


Sample No. 

60 

61 

48 

AP/P 0 (x 10 5 ) at 5.8 kOe 

5.2 

4.7 

2.9 

Electron carrier concentration (10 1 ® cm - ®) 

2.0 

3.6 

11.2 


[Ref. 10904] 
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CADMIUM OXIDE 


MOBILITY(y) 


Mobility as a function of electron carrier 
concentration in cathode sputtered films, 
0.2-1 micron thick. Optical data at 300°K 
in the infrared (1.5-7 microns). 

-■- calculated from Conwell-Weisskopf 

formula for mobility of degenerate 
semiconductors 

I experimental curve from optical 

data 

II experimental curve from electrical 
data (h=Rho). Discrepancies due to 
high resistance transition layers 
in polycrystalline films 



Carrier concentration 
(10 20 cm -3 ) 

[Ref. 5183] 


Temperature (°K) 

100 156 251 396 631 OOO 



Mobility as a function of log of temperature. Crystalline cadmium 
oxide, n 10 18 to 10 19 cm" 3 , H = 7400 Oe. 


[Ref. 8798] 


36 







S'RStPAREO BV ELECTRONIC PROPERTIED INFORMATION CENTER • MUOHER AIRCRAFT COMPANY, CULVER CITY. CALIFORNIA 













r-t 














to 














O 

• 

H 












3 

4h 

to 












O 

41 

H 

r- 

to 

fH 

fH 

o 

p* 

•H 

CN 

© 


00 

CN 

«: 


rH 

d - 

in 

in 

to 

to 

© 

rN 

H 

H 

H 




O 

o 

o 

CN 

o 

© 

.H 

O 

O 

O 

O 

• 



• 

• 

• 

• 

• 

• 

• 

• 

# 

* 

• 

4-* 



o 

o 

o 

o 

o 

o 

© 

© 

o 

o 

o 

4> 














as 














UJ 

SCI 

1 


tO CO 

o a- 
#—I 


(71 rl P- t' 

co to cm r-i 

H r-( »-l -4 



<u 

00 

o 

O 

o 

O 

o 

o 

00 

o 

uo 

o 

W 

x: 

W 

Ll 

00 

CO 

CO 

o 

© 

o 

o 

00 

4- 

IX> 

CO 

4-> 

o 

fd 

o 

o' 

CO 



to 

4- 

•> 

CN 

CN 

CO 

CO 

in 

m 

r-i 

r-i 

CN 


to 

47 

ac 


'U 

C3 

w 

o 

O 

o 

O 

o 

O 

O 

o 

O 

o 

o 

ftJ 

B W 

CO 

in 

to 

© 

CO 

CN 

iH 


in 

© 

© 


H 0) 

2* 

a> 

o 

CO 

:t 

10 

ao 

ao 

CN 

© 

<o 


•H C 

CN 

H 

CN 

H 

CN 

CN 

CN 

CN 

CN 

-H 

H 


flj 0) 
Li bO 
ai K 



o 

o 

o 



o 




o 

JC X 

ao 

M •• 

CN 

in 

H 

fH 

CN 

in 

fH 

H 

CN 

in 

H 

ao 

in 

o 

o 

00 

UT) 

o 

© 

ao 

in 

o 

o c 

Iff 

< 

© 

© 

a> 


© 

© 

a» 

© 

© 

© 

© 


47 © 
X II 

8 (P 




CJ 

© : 





w 


>> 





« 

H 



4*' 







*H rj 





X 



fH cu 




KD 

o 



•H W 


o 

CN 




X) 

• 

• 

• 

• 

§ 



O > 


in 

& 

O 

W 


2a ^ 





W 

t~-3 


CJ 





3fi 



r-i B 





« 

CT 


fH 0 






O 


fU 





CJ 

H.* 


£2 






CO t> CN fH 

• • « • 

<N «-4 CN CN 


37 









m mm mswm labkatoky 

RX86ARCH AND TXCMNOLOOV DIVIBlON 

rose a lYirjMe command 


mmc 


c mmwmm 


PitePANfO »V S'-SCTRONIC PROPtATIM INPCMHATtON C INTER * KU'lUff AIRCRAFT CC^AMV, CUS.VKi* CITY. CALIFORNIA 




Temperature ( 3 K) 


Reciprocal electron mobility as a function of temperature in cathode sputtered 
cadmium oxide films, annealed at 450°C,n 'v, 5 x 10* 9 to 5 x 10 20 cn" 3 . The 
temperature coefficient of mobility is almost constant as indicated on the curves. 

The lattice mobility is calculated to be 220 cmW sec at 300°K. 

[Ref. 22103] 
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C/.DMXUM OXIDE 
REFLECTIVITY 

Reflectivity as a function of wavele. 
all measured at 300°K. 

Wavelength (p) 

0.33 0.4 0.3 0.3 O.T O.S 


'Ll 

0) 

05 -0.2 



4.0 3.3 3.0 *.» *.0 1.8 

Phot(>n energy (eV) 

Cathode sputtered, n-type 
films, 0.183 microns thick, 
n = 15.5 x 10 1<J cm - 3. 

[Ref. 20339] 


Photon energy (eV) 
.62 . 21 .12 
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various cadmium oxide sac.iie.... 

Wavelength i a ;; 
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40 

4< 

0 

06 

20 

0 



6 0 tO i2 14 


Photon energy (eV) 

Single crystal samples. 
Temperature, carrier 
concentration and con¬ 
ductivity are given. 

[Ref.. 20385] 


-code sputtered film, 34 microns thick. 
Symbol T reatment n n (10* 9 cm" 3 ) 

+ untenpered 1.6 

© annealed at 10 

160°C 

annealed at 7 

300°C 

[Ref. 7151 1 


Wavelength (u) 
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CADMIUM OXIDE 
REFRACTIVE INDEX (n) 


Photon energy [«V) 


.31 .16 JOS 



Wavelength (j> 


Refractive index as a function of wavelength for a cathode sputtered 
film of cadmium oxide, at 300°K. Film is 34 micron thick. 

Symbol Treatment n n <.10 19 cm -3 ) 

+ untempered 1.6 

• annealed at 10 

160°C 

o annealed at 7 . 

300°C 

[Ref. 71513 
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CADMIUM OXIDE 
REFRACTIVE INDEX (n) 


Photon energy ieV) 



Refractive index as a function of wavelength for cathode sputtered 
cadmium oxide films from 0.2 to 1 micron thick, at 300°K. 

Carrier Concentration 
Graph n (10 20 cm~ ^) 

a 12.1 

b 1.32 

[Ref. 5183J 


Value (n) Sample Test Method Ref. 

2.49 powder sample oil immersion Ksanda* 

*Li = * 6708 micron 

'’ 4 KSANDA, C.J. Comparison Standards for the Powder Spectrum Method - Nickel Oxide and 
Cadmium Oxide, AMERICAN J. OF SCI., v. 22, 1931. p. 131-138. 
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CADMIUM OKIDE 


RICHARDSON 1 S CONSTANT (A) 


Richardson's Constant, 
amp/cm 2 deg 2 


Scthoc 


1.65 K 10-6 


the'."ii ionic emission 
Csoriplj specification 


no': available) 
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CADMIUM OXIDE 


ir , >^ w as sA B»«a 


THERMAL CONDUCTIVITY (k) 


Value (watta/cm deg) 


0.007 

0.0080 


C4169 
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CADMIUM OXIDE 
THERMOELECTRIC PROPERTIES 




Temperature (°K) 


Thermoelectric emf as a function of 
temperature for sintered, cadmium 
oxide powder heated 24 hours at 

1000°K ond prepared as strips. 

Carrier Concentration 
Symbo l- n (10 19 cnT 3 ) 

o 1.7 

X 1,6 [Ref. 2109] 

o polycrystalline material, 
ai.ther loose powder or 
pellets. [Ref. 5899] 


Electrical conductivity as a 
function of temperature for 
the same cadmium oxide strips. 

Carrier Concentration 
Curve n (10 19 cm~ 3 ) _ 

e 1.7 

x 1.6 



w 


Temperature (°K) 
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[Ref. 2189] 


Electrical conductivity, specimen 
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CADMIUM OXIDE. 

THERMOELECTRIC PROPERTIES 



200 300 >,00 500 600 700 800 (a) 


300 4 00 500 600 700 800 900 (b) 


Thermoelectric emf aa a 
function of temperature 
for sintered cadmium oxide 
pellets. Power curves are 
calculated for a free 
electron concentration of: 

a) 2.26 x 10 21 cm” 3 

b) 1.58 x 10 21 cm’ 3 


Temperature (°K) 


[Ref. 20243] 
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Resistivity as a function of v 

temperature for pellet (b). «h 
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[Ref. 20243] 





CADMIUM OXIDE 
THERMOELECTRIC PROPERTIES 


Temperature '.°K) 


o (0 
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Temperature C°K) 
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-4 
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bt 

S 0.1 
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<9 ti 


Thermoelectric emf and log eluctrice- • :iduc :ivity as a function of reciprocal 
temperature for pressed powder cadrai r: ::iide :;amples prepared in oxygen or 
air at several pressures. 


I. , i mr u.r 

II. , L mn oxygen 

]II. C-. a sir 

IV. 7"2 r.r a.Lr 
V. T'l r.r oxygaii 


[Ref. 116541 
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(I) 000* c 
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Log oxygen pressure 


Thermoelectric emf and log electrical conductivity as a function of the log oxygen 
pressure at four temperatures for pressed powder cadmium oxide. 

[Ref. 11654] 
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CADMIUM OXIDE 


THERMOELECTRIC PROPERTIES 





Thermoelectric emf and electrical resistivity as a function of temperature 
for compressed cadmium oxide powder. 

.* 

A n n = 5 y. 10^ cm“^ at 293°K, n > 0.35% excess divalent cadmium 
ions. 

B Annealed in air at 320°C for 72 hours, ^0.5% excess divalent 
cadmium ions. 


[Ref. 12730] 









CADMIUM OXIDE 


THERMOELECTRIC PROPERTIES 


Thermoelectric emf as a 
function of temperature 
for dense cadmium oxide 
pellets', prepared by 
calcining cadmium 
carbonate pellets. 

The three curves 
represent data taken 
on three separate 
samples. 


o * 12 

*H O 


Temperature (°K) 


V 




o 

•H 80 


after thorough 
.annealing at —J 

580°C “7 


-after partial- 
annealing at 
450°C 


fk 


^immediatelv 
after 

deposition 


1/Temperature (IQ 3 °K" 1 ) 


[Ref. 5899] 


Thermoelectric emf as a function of 
temperature for cathode sputtered 
cadmium oxide films, thoroughly annealed 
at 580°C, n n * 5x10 * 9 to 5xl0 2 ” cm” 3 . 
(Annealing smooths the curve.) 


Temperature (°C) 


[Ref. 22103] 
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CADMIUM OXIDE 


THERMOMAGNETIC PROPERTIES 



Transverse Nernst-Ettingshausen coefficient cf several crystalline cadmium 
oxide samples as a function of log ter.nerature; n * 1O 10 to 10 19 cm -0 . 

H = 7400 0e. 


[Ref. 8798] 
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CADMIUM OXIDE 
WORK FUNCTION ($) 

Work Function, eV . 'oaou rement Ref. 

2.43 ir.ercionic emission 6837 
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